Abstract-The state of degradation of stator groundwall insulation in induction motor results in the state of unbalance in three-phase stator current at fundamental frequency. In this investigation, the computer simulation model to determine this state of unbalance is developed. The practical assumption of stator winding of induction motor being star (Υ) connected with isolated neutral is considered.
more subjective means of assessing the insulation condition requires the dissection and examination of some sample of insulation. Both the above methods damage the winding and in turn make the machine unserviceable. The dc type of nondestructive test parameters are sensitive to dampness and contamination of a winding but are insensitive to the presence of voids and delamination. The dc type of nondestructive tests are useful to determine condition of any type of insulation if excessive moisture or major flaws such as cracks are present but as such are not effective to asses the condition of stator winding insulation subjected to ac stresses. This is particularly true in context of application of induction motors operating in variable speed drive environment. The ac type of nondestructive test parameters may be best indicators of remaining life under ac stress conditions but are considerably expensive to implement, particularly in context to low / medium capacity motors. Further, both the dc and ac type of nondestructive tests are useful to assess the remaining life of stator winding insulation when it is on the verge of failure. Both the type of test measures are as such relatively insensitive life indicators of stator winding insulation, which still have significant remaining life [1] .
More or less the credibility in estimating the insulation condition under nondestructive tests must be correlated with the results of destructive tests [2] , [3] . In the previous investigations it is ascertained that there is no correlation between the results of any nondestructive type of (dc/ac) assessment parameters with destructive type of (dc/ac/impulse) breakdown levels [1] . There is a need to establish an economical nondestructive test method for an assessment of state of degradation of stator groundwall insulation caused due to various factors in an integrated way. This is particularly true in case of large numbers of low / medium capacity induction motors operating in variable speed drive environment in any continuous process industry.
II. SUGGESTED APPROACH WITH THEORETICAL JUSTIFICATION
In view of the above perspective, the present research work presents a novice nondestructive method to assess the state of degradation of stator winding insulation. The method is based on the concept that the degradation occurring in any one of the phases of stator winding insulation, effectively results in the state of unbalance in the three-phase stator current at fundamental supply frequency. The state of degradation of insulation, occurring on account of several reasons, in an integrated way can be readily represented in terms of magnitude and degree of unbalance in the stator current at fundamental supply frequency. The emphasis is towards the application of such unbalanced stator current numerical data to a suitable artificial intelligence (AI) based tool to determine the state of degradation of stator insulation. On experimental basis it is not feasible to collect the large set of unbalanced stator current data, which would model the entire range of state of degradation of insulation for the specific motor used in particular industry. However, in neural network based AI-technique, a large set of data pattern availability is required for the development of diagnostic model to detect the state of degradation of stator groundwall insulation. This is essential from the point of view of optimal design and efficient performance of the neural network classifier. Hence, there is need to generate large number of unbalanced stator current numerical data on the basis of computer simulation model to represent the various states of degradation of stator groundwall insulation occurring in respective phases. The formulation and execution of computer simulation model to generate unbalanced stator current data pattern was done in the previous work [4] , [5] . In the previous work, the modeling was based on the assumption that the stator winding was star-connected with grounded neutral. As against this, in the present investigation, based on the similar approach, the formulation of computer simulation model is derived based on the practical condition of isolated neutral. The modeling is done for three-phase, cage-rotor, 10-HP, star (Υ)-connected a c induction motor used in a continuous process industry.
In general, the motor is operating under the presence of many internal and external recipient faults [6] . In the spectrum analysis based fault diagnosis techniques [7] , it is concluded that these faults are observable at some definite frequencies, which are different than the supply frequency. These stator winding faults are present due to several causes like inter-turn short circuit insulation failure [8] , air gap eccentricity [9] etc; but not on account of degradation of stator groundwall insulation. The state of degradation of stator groundwall insulation of the respective phase results into the reduction of resistance to the thermal conductivity. This results into an increase in the rate of heat transfer from the surface of the stator winding conductors to the remaining part of the structure. This excessive heat loss to the surroundings is interpreted as the motor is subjected to excessive losses bearing the loss in efficiency at the supply frequency. Hence, motor draws more current as compared to what it would have drawn had the insulation not degraded. In view of the above reasons, the increase in current in respective phases leads to an unbalance in stator current at fundamental supply frequency.
The increase in current is accompanied as reduction in the steady-state equivalent resistance of motor referred to stator. The state of degradation of insulation of the respective phase, also results in the increase in the leakage current. This is on account of decrease in the magnetizing reactance (i.e., "X m ") component. The combined effect of the above two factors is interpreted as the reduction in the real part of the equivalent impedance of the motor referred to stator under the absence of mechanical load condition. The imaginary part of the equivalent impedance of the motor referred to stator under the absence of mechanical load condition will not change much since the inductance does not contribute to the dissipation of any energy on account of loss of heat to the surroundings. In the present work, as shown in the Fig.1 below, the reduction in the real part of an equivalent impedance of motor referred to stator under the absence of mechanical load condition (i.e., "Real (Zseq1_im_nl)") is simulated by the presence of suitable values of variable shunt resistance (i.e., "R sh ") connected across it in the lumped form. The computer simulation program is designed to generate unbalanced three-phase stator current data pattern on the basis of the resultant steady-state equivalent motor impedance per-phase. The resultant stator current data pattern is simulating the specific state of degradation of stator groundwall insulation of the respective phases of the motor under test. The computer simulation program incorporates the feature of extended park's transformation model to transform the three-phase unbalanced stator current data patterns in the three-phase ('abc') machine variable form into two-phase ('dq') park's current vector component form. The graphical representations of resultant park's current 'dq' data pattern forms are realized and illustrated. The computer simulation model is designed further to execute the extraction of various electrical variables and mathematical parameters, which specifically distinguish the state of degradation of stator groundwall insulation of respective phases. The detailed analysis and the summary of the series of extracted variables and mathematical parameters are presented for the particular case of the state of degradation of stator groundwall insulation.
III. COMPUTER SIMULATION MODEL FOR EVALUATION OF STATE OF DEGRADATION OF STATOR GROUNDWALL INSULATION
The simulation model is designed on the basis of certain reference conditions in context to the representation of balanced line voltages and the resulting unbalanced phase voltages and stator currents, over a phase plane.
A. Nomenclature
The nomenclature of various variables involved in the simulation model is detailed as under. The representation of the electrical variables over a phase plane is as shown in Fig.  2 The absolute values of stator current perphase, in 'Amps.'
The phase angles of phase-currents in electrical degrees ('°').
The absolute values of steady-state equivalent motor impedances per-phase refered to stator for the operation of motor under the absence of mechanical load condition corresponding to some finite values of shunt resistances ('R sh '). Z 0 The absolute value of steady-state equivalent motor impedance per-phase refered to stator for the operation of motor under the absence of mechanical load condition, for the value of shunt resistance ('R sh ') equal to infinity (∞), in ohms ('Ω').
The absolute values of direct-axis, quadrature-axis, and zero-sequence current per-phase, in ('Amps.').
The phase angles of 'direct-axis' and 'quadrature-axis' current, in electrical degrees ('°').
I dq
The absolute value of resultant of the 'direct-axis' and 'quadrature-axis' current, in ('Amps.').
The phase angle of resultant of 'direct-axis' and 'quadrature-axis' current, in electrical degrees ('°'). L MA , L MB , LR The length of major axis, length of minor axis, and latus rectum ('LR') of extended park's current data pattern, in ('Amps.'). ε Eccentricity ('ε') of extended park's current data pattern. θ 0°, θ m° Orientation angle and Angle of Major-axis of extended park's current data pattern (locus), in electrical degrees ('°'). Simulation analysis is conducted on three-phase, 10HP (7.5-kW), star (Ү)-connected, six-pole, induction motor. The steps involved for the evaluation of state of degradation of stator groundwall insulation are as under-
B. Measurement of Induction Motor Machine Parameters
The measurement of motor parameters is based on steady-state equivalent circuit of induction motor with the rotor at stator frequency as shown in the Fig. 3 . The stator resistance test, no-load test, and locked rotor tests were conducted to measure the following motor parameters as shown below-R s = Stator resistance per-phase = 0.1134 Ω. R r = Rotor resistance per-phase referred to stator = 0.6808 Ω R c = Core-loss resistance per-phase = 235.00 Ω X ls = Stator leakage-reactance per-phase = 0.16 Ω. X lr = Rotor leakage reactance per-phase referred to stator = 0.16 Ω. X m = Magnetizing mutual-reactance per-phase = 75.00 Ω. The measurement tests were performed at input power supply frequency of '50' H z and rated operating line voltage of '415.0' volts. The stator winding is star (Ү) connected with isolated neutral and number of poles as '6'.
C. Performance Assessment of Motor by Steady-state Equivalent Circuit Model Simulation
The computer simulation of steady-state equivalent circuit of induction motor with rotor at stator frequency is done on 'MATLAB.' The measured machine parameters are used to assess the performance of cage-rotor induction motor in the machine variable form under minimum mechanical load condition. The minimum mechanical load condition is realized under the absence of mechanical load, by decoupling the mechanical load from the shaft of motor. The numbers of computations involved in the evaluation of state of degradation of insulation are as under-1) The computation of steady state performance of induction motor in machine variable form under minimum mechanical load condition.
2) Evaluation of maximum and minimum values of shunt resistances across the real part of equivalent steady state motor impedance per-phase referred to stator side at stator frequency under minimum mechanical load condition.
3) The computation of the numerical values of number of shunt resistances between maximum and minimum values, which are simulating different state of degradation of stator groundwall insulation.
4) The numbers of steady-state equivalent motor impedances per-phase refered to stator side (i.e., Zseq1_im_nl_xd) under the absence of mechanical load condition are computed for the range of values of shunt resistances (i.e., R sh ) within maximum and minimum values.
The simulation results for the same computations are presented in Table I . As shown in the 'Table-I,' the absolute value of steady-state motor impedance per-phase corresponding to an infinite (∞) value of shunt resistance (R sh ), represents the healthy state of stator groundwall insulation of the respective phase. Similarly, the absolute value corresponding to some finite maximum value of shunt resistance (i.e., 608.1699 Ω) and minimum value of shunt resistance (i.e., 1.6847 Ω) , represents a finite minimum and maximum (worst-case) state of degradation of stator groundwall insulation of the respective phase, respectively. The absolute value corresponding to the value of shunt resistance anything in between finite maximum and minimum value represents an arbitrary intermediate state of degradation of the respective phase. The numbers of combinations of these numerical values of steady state equivalent motor impedances per-phase refered to stator are determined to model the numbers of various states of degradation. The overall percentage of degradation (i.e., "per_xd (%)") is represented in numerical form by the concept of root mean square value of absolute deviation of impedances (i.e., "Z_xd (Ω)") in three phases. The same is now proposed with the following analytical definition.
The simple subroutine program is designed to determine numbers of such possible combinations for respective phases. These numbers of combinations of steady-state motor impedances per-phase are used further to compute the stator currents per-phase. The resulting unbalanced stator currents per-phase are computed under the condition of balanced supply voltage of star-(Υ) connected stator winding with isolated neutral viz., (2) 
D. Extended Park's Current Transformation Model for Computation of Direct-axis and Quadrature-axis Current Components
The park's current vector pattern learning approach has been successfully applied in the fault diagnosis of ac induction motor drive [9] - [10] . In this investigation, the same approach is applied for the presentation of various states of degradation of insulation, occurring in respective phases of stator winding of induction motor. As shown in Fig. 4 , the park's transformation model, transforms the presentation of unbalanced stator current data pattern in three-phase ('a-b-c') machine variable form into two-phase ('d-q') machine variable form over a phase-plane. For uniqueness of the transformation from one set of axes to another set of axes, including the unbalances in the 'abc' variables requires three variables such as 'dq0.' The relationship between 'dq0' and 'abc' current variables is derived as follows- 
The zero sequence current 'I 0 ' (A) represents the imbalance in the 'phase-a, phase-b, and phase-c' currents. Under the practical condition of star (Υ) connected stator winding with isolated neutral, the zero sequence current component is always equal to zero and does not produce the resultant magnetic field. The relationship between 'dq0' and 'abc' currents is modified as follows-
cos β cos β cos β 2 3 cos β 90 cos β 90 cos β 90 
The extended park's current transformation model detailed in (8) is included in computer simulation program to compute park's current data pattern for all possible combinations of unbalanced three-phase stator currents. The graphical representations of an extended park's current data pattern, for a particular class of equal variation in the state of degradation of insulation, occurring in all the three respective phases are in the circular form with centre at the origin over a dq-plane. The ideal condition refers to zero-percent (0%) state of degradation of stator groundwall insulation, occurring in all the three respective phases. The associated electrical variables and extracted mathematical parameters for this state of reference are presented by the combination 'no.1' in the ' Table-II, Table-III, and Table-IV.' The extended park's current data pattern representation over a dq-plane is as illustrated in Fig. 5 . The variations are observed with respect to circular extended park's current data pattern corresponding to combination'no.1' as a state of reference. The graphical representations of extended park's current data pattern for healthy state of insulation present in any two-phases with variable state of degradation of insulation, occurring in the remaining phase are in an elliptic form with centre at origin over a dq-plane. The magnitude of stator current per-phase corresponding to combination 'no. 1' under ' Table-II, Table-III, and Table- IV' is considered as reference value to represent the zero-percent (0%) state of degradation of insulation of respective phase (i.e., a 'healthy state'). The performance analysis of electrical variables in three-phase machine model (a-b-c) form (refer 'Table-II'), equivalent two-phase model (d-q) form (refer 'Table-III'), and extracted mathematical parameters (refer 'Table-IV') for the variation in the state of degradation of insulation in 'phase-a' from healthy to worst-case state with healthy state of insulation present in 'phase-b' and 'phase-c' is presented in the ' Table- The finite variation in the state of degradation of insulation in 'phase-b' with healthy state of insulation in 'phase-c' and 'phase-a,' will introduce the change in the shape of extended park's current data pattern from circular to elliptical form. As mentioned in an earlier 'case-A,' the simulation results of electrical variables and extracted mathematical parameters for the present 'case-B' are computed. On account of inadequate space, the simulated results are not shown in the present paper. However, the comparative performance analysis of the same is discussed and presented in the 'section-V.' It is imperative that, any variation in the state of degradation of insulation in 'phase-b' from healthy to worst-case state is always more than healthy state of insulation present in 'phase-c' and 'phase-a.' The graphical representations of selected no. of combinations (viz., '21, 201, and 381,' which are simulating '2.17%, 19.80%, and 29.21%' state of degradation of insulation, respectively) are presented in the Fig. 7 . 
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B. Healthy State of Insulation in 'Phase-a' and 'Phase-b' with Variable State of Degradation in 'Phase-c'
The finite variation in the state of degradation of insulation in 'phase-c' with healthy state of insulation present in 'phase-a' and 'phase-b,' will introduce the change in the shape of extended park's current data pattern from circular to elliptical form. As mentioned in an earlier 'case-A,' the simulation results of electrical variables and extracted mathematical parameters for the present 'case-C' are computed.
On account of inadequate space, the simulated results are not shown in the present paper. However, the comparative performance analysis of the same is discussed and presented in the later 'section-V.' It is imperative that, any variation in the state of degradation of insulation in 'phase-c' from healthy to worst-case state is always more than healthy state of insulation present in 'phase-a' and 'phase-b'. The graphical representations of selected no. of combinations (viz., '2, 11, and 20,' which are simulating '2.17%, 19.80%, and 29.21%,' state of degradation of insulation, respectively) are presented in the Fig. 8 . Table-II, Table-III,  and Table- IV.') in all the three -phases results into the significant increase in the magnitudes of three-phase currents. Further, all the three-phase current phasors experiences a significant phase-shift in the clockwise direction but are still displaced in time with each other by 120°. In an equivalent two-phase (dq) model, the magnitudes of both direct-axis and quadrature-axis current significantly increases and are equal. However, there is no change in the phase-shift ('β d°= 0°'and 'β q = +90°') for either one of them. The magnitude of resultant dq-axis current (I dq ) significantly increases whereas its phase-shift angle (β dq°) does not experience any change and is at '+45°' with respect to reference. Hence, the extended park's current data pattern appears in the circular form with significant rise in its radius.
The healthy state of insulation present in any two-phases is always less dominant as compared to the progressive increase in the state of degradation of insulation from healthy to worst-case state in the remaining phase. If healthy state of insulation is present in any two-phases, and state of degradation of insulation, occurring in the remaining phase progressively increases from healthy to worst-case state (i.e., cases A, B, and C under 'section-IV') then the extended parks current data pattern appears in elliptic form. The magnitude of all the three phase currents (I a , I b , and I c ) are different and they are not displaced in time with each other by 120°. The magnitude of current in an 'affected-phase,' experiences a significant increase in its value and varies from low to high range. The magnitude of current in the 'lagging-phase,' experiences a negligible decrease in its value and varies within a low range. The magnitude of current in the 'leadingphase,' experiences a moderate increase in its value and varies from low to medium range. In addition to an affected-phase, the lagging-phase current phasor experiences a moderate phase-shift in clockwise direction. The leading-phase current phasor experiences a negligible phase-shift in anti-clockwise direction.
The comparative performance analysis of simulated electrical variables in equivalent two-phase dq-model form is detailed in ' Table- VI.' The changes in magnitudes and phase-shift angles of direct-axis, quadrature-axis, and resultant dq-axis currents are varying over a different range to distinguish the presence of healthy state of insulation in any two-phases and variation in the state of degradation of insulation (from healthy to worst-case state) in the remaining phase.
The simulation results as shown in the figures 6, 7, and 8, and the comparative performance analyses of corresponding simulated extracted parameters as detailed in 'Table-VII,' infers that the extracted parameter like angle of orientation (θ 0°) of an elliptic pattern (locus), changes its position over a variable range. It is changing over different zones (viz., '+94.0 ο to +86.0 ο , +90.0 ο to +120.0 ο , and +60.0 ο ' to +90.0 ο ') in a dq-plane, for healthy state of insulation present in any two-phases (viz., b-c, c-a, and a-b) and the variation in the state of degradation of insulation (from healthy to worst-case state), in the remaining affected-phase (viz., a, b, and c), respectively. This is illustrated in Fig. 9 . In the following discussion, it is assumed that if the change in the value of stator current per-phase is within '25%' of the reference value then the value of stator current per-phase is considered in the low range (L). Similarly, if the change in the value is from '25%' to '60%' of the reference value then the value of stator current per-phase is considered in the medium range (M). Further, if the change in the value is above '60%' of the reference value then the value of stator current per-phase is considered in the high range (H).
The variations in the phase-shift displacements of electrical variables are measured with respect to reference with anticlockwise sense as positive. Any variation in phase-shift around and below '10°' in either direction is considered as negligible change in the phase-shift. Similarly, any variation in phase-shift from '10°' to '30°' in either direction is considered as moderate change in the phase-shift. Further, any variation in the phase-shift around and above '30°' in either direction is considered as significant change in the phase-shift. The variation in the phase-shift displacements of quadrature-axis current variable is measured with respect to positive q-axis ('+90°'), with anticlockwise sense as positive over a dq-plane as shown in the Fig. 4 .
A. Healthy State of Insulation in 'Phase-b' and 'Phase-c' with Variable State of Degradation in 'Phase-a'
The finite variation in the state of degradation of insulation in 'phase-a' with healthy state of insulation present in 'phase-b' and 'phase-c,' will introduce the change in the shape of extended park's current data pattern from circular to elliptical form. The simulation results in 'Table-II,' inferred that the magnitudes of all the three phase currents (i.e., I a , I b , and I c ) are different and they are not displaced in time with each other by 120°. Similarly, the simulation results in 'Table-III,' inferred that the magnitude of direct-axis current (I d ) and quadrature-axis current (I q ) are not equal and they are not displaced in time with each other by 90°. The resultant dq-axis current phasor (I dq ) is not displaced in time by '+45.0°' with respect to reference. The variations of electrical variables in either form are unlike in an equal variation in the state of degradation of insulation, in all the three respective phases. It is imperative that, any variation in the state of degradation of insulation in 'phase-a' from healthy to worst-case state is always more than healthy state of insulation present in 'phase-b' and 'phase-c. ' The graphical representations of extended park's current data pattern over a dq-plane for the selected number of combinations (viz., '401, 4001, and '7601,' which are simulating '2.17%, 19.80%, and 29.21%' state of degradation of insulation, respectively) under ' Table-II,  Table-III, and Table- IV' are presented in Fig. 6 .
It is imperative that the variation in 'θ 0°' is symmetrical and limited over a moderate range with respect to positive 'q-axis' in context of a dominant progressive increase in the state of degradation of insulation (from healthy to worst-case state) in any one particular phase (viz., a, b, and c) and healthy state of insulation present in other two-phases (viz., b-c, c-a, and a-b), respectively. Similarly, the extracted parameter like angle of major-axis (θ m°) of an elliptic pattern, changes its position over a moderate range (-20.0 ο ), which is identical irrespective of the healthy state of insulation present in any two-phases (viz., b-c, c-a, and a-b) and variation in the state of degradation of insulation (from healthy to worst-case state) in the remaining affected-phase (viz., a, b, and c), respectively. It is imperative that the variation in 'θ m°' is symmetrically distributed by '120°' over distinct zones, in a dq-plane. The 'θ m°' is changing over distinct zones (viz., '+105.0 ο to +85.0 ο , -14.0 ο to -35.0 ο , +225.0 ο to +205.0 ο ') in a dq-plane. This is illustrated in Fig. 10 . It further suggests that these extracted parameters are sensitive within these specific limits.
With reference to 'Table-VIII,' it is observed that the changes in an extracted parameters like 'L MA , L MB , LR, and ε' are identical, which occur irrespective of the healthy state of insulation present in any two-phases (viz., b-c, c-a, and a-b) and variation in the state of degradation of insulation (from healthy to worst-case state), in the remaining affected-phase (viz., a, b, and c), respectively. The identical changes in extracted parameters like 'L MA , L MB , and LR' further suggests that the deformation in the shape of extended parks current elliptic pattern increases with the change in an eccentricity (ε) from '0.2905' viz., close to zero (0) to '0.9411' viz., close to one (1) .
The extracted parameter like eccentricity (ε) is not sufficient to decide the level of state of degradation of insulation. In fact, it only suggests the deformation in the shape of extended park's current elliptic pattern and in turn suggests the degree of unbalance in the three phase stator current. The extracted parameter like length of major-axis (L MA ), length of minor-axis (L MB ), and latus rectum (LR) suggests the size of extended park's current elliptic pattern and in turn are sensitive to decide level of state of degradation of insulation. Hence, extracted parameters like 'L MA , L MB , LR, and ε' are useful together to uniquely determine the qualitative level of variations (low, medium and high etc.) of progressive increase in the state of degradation of insulation in one particular phase with the presence of healthy state of insulation in other two-phases. 
VI. CONCLUSIONS
In the present work, the computer simulation model is developed to simulate arbitrary variations in the state of degradation of stator groundwall insulation, occurring in the respective phases of induction motor under test. An extended park's transformation model is used to transform the simulation results from three-phase ('a-b-c') model into a more convenient and simplified form of equivalent two-phase ('d-q') model over a dq-plane. Extended park's current data patterns are derived from two-phase ('d-q') model to distinguish the state of degradation of insulation. The performance evaluation of electrical variables and extracted parameters of extended park's current data patterns for particular case of progressive increase in the state of degradation of insulation, occurring in any one phase and healthy state of insulation present in remaining two-phases is presented. The performance evaluation of extracted features facilitates the appropriate selection of number of specific variables as input parameter conditions for the optimal design of suitable artificial intelligence (AI) based tool like artificial neural network classifier to distinguish the particular state of degradation of insulation. The magnitude of current in an affected 'phase-a' experiences a significant increase from low to high range. The magnitude of current in lagging 'phase-b' experiences a negligible decrease and varies within a low range. The magnitude of current in leading 'phase-c' experiences a moderate increase and varies from low to medium range.
In addition to affected 'phase-a' the lagging 'phase-b' current phasor experiences moderate phase-shift in clockwise direction. The leading 'phase-c' current phasor experiences negligible phase-shift in anti-clockwise direction. I d , I q , I dq 'I d ' experiences a negligible decrease and varies within a low range. 'I q ' experiences a significant increase and varies from low to high range. 'I dq ' experiences a significant increase and varies from low to high range.
The 'I d ' phasor experiences a negligible phase-shift in either direction while the 'I q ' phasor experiences a negligible phase-shift in opposite either direction. The 'I dq ' phasor does have a moderate phase-shift in anticlockwise direction. 
